LaHo 0.75 Sr 0.25 CuO 3.9 , representing the intergrowth of rock salt, 6uorite-type slabs, and (CuO 2 )-layers have been 6uorinated using XeF 2 as a soft 6uorinating agent at temperatures ranging from 200 to 4003C. The resulting structures were studied by a combination of X-ray di4raction, electron di4raction, and high resolution electron microscopy. The samples show a complex microstructure with alternating bands of two 6uorinated phases with di4erent structures. Narrow bands (60+100 A s ) of a monoclinic phase (a m ‫؍‬ a(2+5.5 A s , b m ‫؍‬ a(2+5.5 A s , c m ‫؍‬ c ‫؍‬ 12.84 A s , ‫؍‬ 91.43) are formed in an orthorhombic matrix. The formation of the monoclinic superstructure (A phase) is accompanied by an equal anion arrangement within the initially di4er-ent rock salt and 6uorite-type slabs and by cooperative displacements of the A cations. In the structure of the less 6uorinated B phase, the 6uorite slabs are not a4ected by 6uorina-tion. Fluorine atoms occupy part of the interstitial positions in the rock salt slabs with partial removal of apical oxygen atoms; this lies most probably at the origin of the incommensurate modulation of the B phase.
INTRODUCTION
The rare-earth cuprates¸n CuO can be converted into superconductors by a variation of the charge carrier concentration. It can be achieved either by a heterovalent cation replacement or by a change in the anion composition. The #uorination of¸n CuO phases allows the induction of superconductivity in both types of rare-earth cuprates: T phase (La CuO -type structure) and T phase (Nd CuO -type structure). However, the origin of the appearance of superconductivity and the structural features of the #uorine accommodation are signi"cantly di!erent for the T and T phases. The partial replacement of oxygen by #uorine in the #uorite-like Nd O slab of the Nd CuO structure provides an increase of the electron concentration and the appearance of n-type superconductivity in Nd CuO \V F V (1}3). In contrast to this, the insertion of extra #uorine atoms is required for La CuO to introduce holes in the conducting band. A superconducting phase with ¹ "35}40 K was obtained at small doping level (up to La Cu(O, F) ) (4). The #uorination results in an increase of the orthorhombic distortion, but the structure of La CuO remains almost unchanged (5) . The additional anions are located in the interstices of the rock-salt-like La O blocks (6) . An increase of the amount of inserted #uorine is usually connected with increasing the temperature of the treatment by the #uorinating agent. At temperatures of 230}2503C the orthorhombic La CuO is transformed into a tetragonal K NiF -type structure. The anion exchange becomes the predominant reaction when the #uorination temperature increases above 3003C. The #uorine atoms occupy interstitial positions with the removal of neighboring apical oxygen, resulting in the transformation of part of the CuO octahedra into CuO pyramids. Blocks with occupied interstitial positions and removed apical oxygen atoms (#uorite slabs) alternate with the blocks of rock salt slabs in an ordered manner leading to a new monoclinic phase with ideal composition La CuO F (7). Another rare-earth cuprate with a structure closely related to those of the T and T phases is (¸n, R, M) CuO (R, rare-earth cation smaller than¸n; M, Ba, Sr) known as the T* phase. Large¸n together with M and smaller R cations are placed in an ordered manner forming rock-salt-like and #uorite-like slabs, respectively, which alternate with (CuO ) layers along the c-axis of the tetragonal unit cell. The copper atoms have a "vefold square-pyramidal coordination (8) (Fig. 1) . The neutron powder re"nement of the #uorinated La Dy CuO F compound revealed a transformation of the tetragonal structure into an orthorhombic one with cell parameters a +b "(2a , c +c (9) . The extra anions were found at the interstitial positions of the La O rock salt block while no extra anions were found in the Dy La O #uorite-type slab. However, the reasons for the orthorhombic distortion are still not clear. The goal of the present work is a structural study of the LaHo Sr CuO T* phase #uorinated by XeF at di!erent treatment conditions. 
EXPERIMENTAL
The LaHo Sr CuO sample was prepared by a routine ceramic technique using La O , Ho O , SrCO , and CuO as initial reagents. Stoichiometric amounts of the compounds were intimately mixed, pressed into pellets, and heated in air at 10503C for 40 h. The oxygen content was determined by iodometric titration. The obtained monophase LaHo Sr CuO has lattice constants a" 3.8368(4) A s , c"12.533(2) A s (space group P4/nmm), which are in good agreement with those previously published (10) .
All operations with XeF were carried out in a glove box "lled with dried N . Then 0.4 g of the T* phase was mixed with XeF (provided by the Laboratory of Inorganic Synthesis of the Institute of Applied Chemical Physics, Kurchatovskii Institute, Moscow, Russia) in a molar ratio of 1 : 1}1.5 and ground in an agate mortar. The mixture was placed in a Ni crucible and then into sealed copper tube. The samples were annealed at temperatures ranging from 200 to 4003C for 30}200 h and furnace cooled to room temperature.
The phase composition of the samples and the lattice parameters of the compounds were studied by X-ray di!raction using a focusing Guinier camera FR-552 (CuK radiation, Ge internal standard).
AC susceptibility measurements were performed in the temperature range of 12}100 K at an external "eld amplitude of 1 Oe and a frequency of 27 Hz.
Electron di!raction (ED) and high resolution electron microscopy (HREM) were performed using a JEOL 4000EX instrument. EDX analysis and electron di!raction were performed using a Philips CM20 microscope with a LINK-2000 attachment. Image simulations were made using MacTempas software.
RESULTS
The #uorination conditions of the di!erent samples are listed in Table 1 . The X-ray di!raction patterns of samples 2}5 can be interpreted as a superposition of two patterns of phases having the tetragonal T* structure but di!erent cell parameters. The cell dimensions of the main phase in these samples are very close to those for the non#uorinated T* phase regardless of the #uorination conditions. It is reasonable to consider this phase as the initial compound una!ected by XeF . The #uorinated phase exhibits a slightly decreased c parameter and a signi"cantly increased a parameter in comparison with the initial ¹* compound. A gradual increase of the amount of the #uorinated phase from +10% (sample 2) to +50% (sample 5) was observed during the increase of the temperature and time of #uorination. For 3503C (6) only the #uorinated T* compound was obtained. Weak, very broad re#ections corresponding to LaOF were observed when the temperature of the #uorina-tion was further increased to 4003C (7) . The cell parameters and cell volume of the #uorinated T* phase, as measured from powder X-ray di!raction, are listed in Table 1 .
Measurements of the temperature dependence of the magnetic susceptibility showed that none of the samples exhibited superconductivity down to 12 K. The ED and HREM investigations revealed that all #uor-inated samples have a complicated microstructure. The analysis of numerous ED patterns taken along di!erent zone axes allows us to attribute them to two phases with a similar T* sublattice but showing di!erent superstructures which will be abbreviated as A and B. These phases were observed in all samples regardless of the #uorination temperature. Figure 3 shows an ED pattern with split re#ections taken from a twinned region of the A phase. The 00l row is unsplit, which indicates that the (001) plane is the twin plane. The formation of twins con"rms the monoclinic structure and allows an accurate measurement of theangle. It should be noted that no extinction conditions were found in the ED patterns of the A phase, as was checked by tilting experiments.
The [100]* pattern of a twinned area, con"rming the monoclinic structure of the A phase.
B phase shows di!use satellite spots with a modulation vector q+1/6 [1 13]*. Only the "rst satellite of this modulation is visible, pointing toward a sinusoidal modulation. This incommensurate modulation is very similar to the modulation of the Bi-based or some of the Tl-based superconductors in the 2212 or the 2223 family (see, e.g., (11) ). We will come back to this when discussing the corresponding HREM images.
Besides the single phase ED patterns, [110]* patterns were found which are produced by the overlapping of patterns of the A phase and the B phase (Fig. 5) . The corresponding low magni"cation multibeam TEM image shows bright A and dark B bands alternating along the c-axis, separated by interfaces which are roughly parallel to (001). The A phase forms narrow (60}100 A s ) strips placed in a matrix of the B phase.
A detailed examination of the ED pattern from #uorite-type layers. The HREM image of the B phase is very close to that of the initial structure. The modulated structure can be seen as a weak intensity modulation along the [110] direction, most pronounced in the rows of bright dots, corresponding to lattice distortions in the rock salt layers. The dark and bright areas are not always regularly spaced, but on the average the repeat period is equal to that found in the ED pattern. The type of modulation contrast in HREM is also similar to the one observed in undoped La CuO (7); in that case, however, the modulation was strictly commensurate.
The small width of the bands of the A phase hampers accurate EDX measurements of the #uorine content in both phases. However, due to the existence of crystallites containing only the B phase, comparison can nevertheless be made. Numerous EDX measurements performed on B and A#B crystallites show the presence of #uorine in both structures. The spectrum obtained from A#B crystallites exhibits a much higher #uorine amount (Fig. 8a) in comparison with the crystallites containing only the B phase (Fig. 8b) . This is clearly related to a higher concentration of #uorine in the A phase. However, due to the low Z-number of #uorine, no quantitative analysis can be made and the result is only an estimate. Both B and A#B crystallites have similar cation compositions which do not change in the range of standard deviations.
DISCUSSION
TEM investigations of #uorinated T* samples reveal the presence of two closely interlinked #uorinated phases with dimensions close to the tetragonal subcell in the a}b plane and with signi"cantly di!erent repeat periods along the c-axis. The values of the subcell parameters determined from the ED patterns for the B phase are very similar to those obtained from X-ray data. At the same time, the X-ray patterns do not exhibit any additional re#ections which can be attributed to the presence of the A phase. This is related to the small width of the bands of the A phase along the c-axis which leads to signi"cant broadening and decreasing intensity of the hkl re#ections of the A phase. The hk0 re#ections should remain sharp but they are completely overlapped by re#ections of the B phase due to the close a}b dimensions.
The gradual change of the cell parameters of the B phase with the increase of the #uorination temperature (Table 1) allows us to relate it to the competition between the di!erent reactions taking place during the interaction of the T* phase with XeF . Previous investigations of the structural accommodation of extra anions in the T, T, and T* compounds revealed that the (CuO ) planes are not strongly a!ected by anion insertion and that the structural changes take place mostly in the 
La
CuO (T-type structure) are accommodated at interstices located between the two rock salt LaO planes of the La O slab (12, 13) . These positions are coordinated by four La> ions and four apical oxygen atoms. The #uorite-like structure of the R O slabs with fully occupied anion positions, tetrahedrally coordinated by R>, and without apical oxygen is realized for R CuO compounds with a T structure (R"Pr}Gd) (8) . Thus the interstitial positions in the T phase are the normal anion positions in the T phase. The particular feature of the T* structure is the presence of both #uorite and rock salt slabs alternating along the c-axis. Consequently, one may expect a competition between the #uorine insertion into the di!erent structural blocks. Moreover there will be a redistribution of anions between the #uorite and rock salt blocks.
Our investigations of the #uorination of the T Gd CuO phase did not reveal any noticeable interaction between this phase and XeF at di!erent temperatures up to the decomposition of the T phase at 5003C. One can therefore conclude that the #uorite slab is hardly subjected to #uorine insertion. The extra anions can be accommodated in the cavities of the rock salt slab of the T* phase. This reaction takes place at low #uorination temperature and leads to an enlargement of the a parameter due to the repulsion between the apical oxygen atoms of the CuO pyramids and the interstitial #uorine atoms. Indeed, this e!ect is clear when comparing the a parameters for the initial T* phase and sample 2 ( Table 1) . A similar unit cell expansion was observed for #uorinated La CuO where the #uorine insertion leads to the increase of the dimensions of the K NiF subcell from 3.803 to 4.038 A s (7). At higher temperatures the anion exchange of oxygen by #uorine becomes the primary reaction. The oxygen released during this process is absorbed by the inner walls of the copper tube. The removal of apical oxygen atoms is accompanied by a contraction of the unit cell along the c-axis due to the formation of a square planar coordination of part of the Cu atoms. The decrease of the c parameter from 12.533 to 12.507 A s for sample 7 provides indirect support for this assumption.
Ordering of anions and anion vacancies can be a reason for the appearance of di!erent superstructures observed in the electron microscope. The intimate intergrowth of the A and B phases prevents the use of X-ray or neutron powder di!raction for the determination of the crystal structures of both phases, but it is possible to propose models of anion ordering and structural changes caused by the #uorination using the present ED and HREM observations.
The signi"cant increase of the c parameter for the A phase in comparison with the initial T* phase allows us to assume the appearance of additional apical anions for the Cu atoms. It should lead to the formation of an octahedral arrangement for part of the Cu atoms, followed by the increase of the apical Cu}(O, F) distance, due to the Jahn}Teller e!ect, and by an enlargement of the c parameter. The almost identical contrast produced by the initially di!erent rock salt and #uorite slabs on the HREM image can arise from the redistribution of anions which results in a similar occupation of the anion positions in the (La Ho O) and (La Sr O) slabs. To determine the origin of the superstructure di!erent variants of structural distortions were tested by comparison of calculated and experimental HREM images. The following possibilities were considered: the displacement of apical anions due to the repulsion from interstitial anions, the cooperative tilting of Cu}O polyhedra, the ordered placement of interstitial anions into (A O ) slabs and cation displacements in these slabs due to interaction with interstitial anions. The correspondence between the calculated and the experimental [110] HREM images was found to be satisfactory only when cation displacements in the (A O ) slabs were taken into account. A model of the structure of the A phase used for the image simulation is shown in Fig. 9a . The apical anion positions in both blocks were assumed to be statistically occupied and the variation of the occupancy factors does not produce signi"cant changes in the calculated HREM images. (Fig. 9a) . Figure 10 shows the [110] HREM images for the described model, calculated for di!erent thicknesses and defocus values, using the monoclinic spacegroup Pm. The calculated images (Fig. 10) are in a good agreement with the experimental image (Fig. 7) . In the inset of Fig. 7 a simulated image is shown for a defocus value of !40 nm and a thickness of 2 nm.
To understand the reason of the cation displacement a semiquantitative measurement of electrostatic energy was performed by computing the Madelung's constant. It should be noted that an absolute value of the electrostatic energy is meaningless for HTSC compounds because of the strong covalent bonding in the (CuO )-planes. Nevertheless, it is possible to use the value of the change in Madelung's constant ( ) during the variation of the structure parameters in the rock salt and #uorite slabs since the interaction between rare-earth cations and oxygen or #uorine atoms can be considered as mostly ionic. The dependence of Madelung's constant on the relative cation displacement in the a}b plane has been computed by Ewald's method of convergent series using an algorithm described in (14) . The calculations were made on the basis of the structure model described above; the A cation positions from the initial T* structure were chosen as a starting point [10] . Two possibilities were compared: (a) an &&antiphase'' cation displacement in neighboring A(O, F) and (O, F)A layers; (b) an &&in phase'' cation displacement where the A cations in both A(O, F) and (O, F)A layers are shifted toward the same interstitial positions (Fig. 9b) .
The dependence of on the value of the atomic displacements is plotted for both cases in Fig. 11 . The &&antiphase'' displacement is accompanied by a decrease of Madelung's constant and, consequently, leads to a relative stabilization of the crystal structure. The structure with in phase cation displacement shows the opposite behavior. On the basis of this consideration one may assume that the cation displacements within (A O ) layers are caused mostly by the electrostatic interaction with ordered interstitial anions.
For the B phase #uorine has been proposed to be only in the vacant interstitial positions of the (La Sr O) slabs, an assumption supported by the HREM image (Fig. 12) , where the modulations primarily appear in the rock salt layers. The di!use character of the modulation hampers the comparison between experimental HREM images and images calculated using possible structure models. However, we can assume that the formation of this modulated structure is caused mainly by interaction between additional anions in tetrahedral interstices of rock salt blocks and apical oxygen atoms of CuO pyramids. In this case the insertion of #uorine will lead to tilting of the CuO pyramids to increase the distance between #uorine and the apical oxygen atoms. The apical oxygen atoms which are in between two #uorine anions are removed due to the reduction of the distance between these anions. In this way there will be an alternation of blocks with all interstitial positions fully occupied and without apical oxygen and blocks with normal T* structure (Fig. 13) . The atomic coordinates were calculated according to the determined orthorhombic cell with the most symmetrical space group which agrees with the extinction conditions, Ima2. The calculated HREM image for a defocus of !40 nm and a thickness of 3 nm shows a reasonable agreement with the experimental one (the inset of Fig. 12 ). 
CONCLUSIONS
The #uorination of the T* phase using XeF produces samples with a complex microstructure due to the competing reactions of #uorine insertion, anion exchange, and anion redistribution between rock salt and #uorite blocks. The formation of two closely interlinked phases with di!erent superstructures was observed. The A phase has a monoclinic unit cell with parameters a "a(2+5. Blocks with occupied interstitial positions and absent apical oxygen atoms alternate in an ordered manner with blocks in which the rock salt part is preserved, thus creating an orthorhombic structure, which, however, is modulated due to a pseudo-periodic lattice distortion, mainly within the rock salt slabs.
